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Artemisinin is an important new antimalarial agent containing a bridged endoperoxide. The in vitro
antimalarial activity of an artemisinin derivative, arteether, is antagonized by two iron chelators, pyridoxal
benzoylhydrazone and 1,2-dimethyl-3-hydroxypyrid-4-one. Similarly, the acute toxicity of artemisinin in mice
is antagonized by another chelator, deferoxamine-hydroxyethylstarch. A combination of artemisinin and
hemin oxidizes erythrocyte membrane thiols in vitro, and this oxidation is also inhibited by an iron chelator.
Thus, iron plays a role in the mechanisms of action and toxicity of artemisinin. The combination of artemisinin
and hemin also decreases erythrocyte deformability. Iron probably catalyzes the generation of free radicals
from artemisinin since a-tocopherol antagonizes the thiol-oxidizing activity of artemisinin and since a
spin-trapped free radical signal can be seen by electron paramagnetic resonance only when artemisinin is

incubated in the presence of iron.

Malaria remains an important global health problem, af-
fecting an estimated 270 million people per year and killing 1
to 2 million people per year (47). Resistance to currently
used antimalarial drugs such as chloroquine, quinine, meflo-
quine, and Fansidar is spreading rapidly (47). Thus, there is
a great need for new antimalarial agents.

The antimalarial agent artemisinin (qinghaosu) was iso-
lated in 1972 from Artemisia annua, an ancient Chinese
herbal remedy for fever (for a review, see reference 26).
Several artemisinin derivatives are currently undergoing
phase I and II clinical studies, including artemether, ar-
teether, and artesunate, which are the methyl ether, ethyl
ether, and succinate esters, respectively, of dihydroartemisi-
nin. Artemisinin and its derivatives have been widely used
for the therapy of malaria in China, Vietnam, Thailand, and
Myanmar; over 2 million doses of artemether have been
administered in China alone. Artemisinin-type antimalarial
agents are particularly useful against chloroquine-resistant
Plasmodium falciparum strains and cerebral malaria (47).

The antimalarial action of artemisinin appears to be medi-
ated by free radicals (27, 28, 31). The drug contains an
endoperoxide bridge, which is necessary for biological ac-
tivity (6, 8) because it reacts with intraparasitic heme iron
(30). The reaction between artemisinin and heme accounts
for the selectivity of the drug since high levels of heme are
acquired by the parasite as a result of hemoglobin digestion
(17). However, an artemisinin-derived free radical has hith-
erto never been demonstrated.

In this paper, we provide further evidence for the impor-
tance of iron in the mechanism of action of artemisinin and
measure artemisinin-derived free radicals by electron para-
magnetic resonance spectroscopy.

* Corresponding author.
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MATERIALS AND METHODS

Abbreviations. The following abbreviations are used in this
paper: DFO-HES, deferoxamine-hydroxyethylstarch conju-
gate; DMP, 1,2-dimethyl-3-hydroxypyrid-4-one; DMPO,
5,5-dimethyl-1-pyrroline-N-oxide; DTNB, 5,5'-dithiobis-2-
nitrobenzoic acid; ECs,, the drug concentrations required to
reduce incorporation by 50%; EPR, electron paramagnetic
resonance; HES, hydroxyethylstarch; PBH, pyridoxal ben-
zoylhydrazone.

Chemicals. Artemisinin and DMPO were purchased from
Aldrich Chemical Company (Milwaukee, Wis.). Artemisinin
was kept frozen (—70°C) as a 10 mM stock solution in
ethanol. DMP and PBH were gifts from R. C. Hider and
Prapin Wilairat, respectively. They were prepared as stock
solutions of 0.4 M in sterile distilled water and 0.6 M in
dimethyl sulfoxide, respectively. Arteether was a gift from
the World Bank-United Nations Development Program-
World Health Organization Special Program for Research
and Training in Tropical Diseases and was prepared as a 90
mM stock solution. DFO-HES in 0.9% saline was a gift from
Biomedical Frontiers, Minneapolis, Minn. 10% HES in 0.9%
saline, also from Biomedical Frontiers, was used as a
control. The DFO-HES solution contained the equivalent of
17 mM DFO. All other chemicals were purchased from
Sigma Chemical Company (St. Louis, Mo.). A 1 mM hemin
stock solution was made immediately prior to each experi-
ment by first dissolving hemin in several drops of 1 M
NaOH, diluting this solution with 1 M Tris, pH 8.0, and then
bringing it to pH 8.0 with 1 M HCI.

In vitro antimalarial activity. In vitro antimalarial activity
was tested by a modification of the method of Desjardins (11)
using P. falciparum K1. Twenty-five microliters of medium
containing drugs and 200 pl of a 1.5% infected-erythrocyte
suspension (1 to 2% parasitemia) were placed in 96-well
microtiter plates and cultured in a candle jar at 37°C. The
final organic solvent concentration never exceeded 0.1%, a
concentration which had no effect on parasite growth. After
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24 h, 0.5-pCi [*H]hypoxanthine was added to each well, and
the mixture was cultured under the same conditions for an
additional 18 h. The microtiter plates were harvested and
counted as described previously (11), and the arteether
EC,,s for various chelator concentrations and the chelator
EC,,s for various arteether concentrations were determined.
Iron-saturated DMP was prepared by incubating the chelator
with ferric chloride (molar ratio of 3:1) at pH 2.0 for 15 min,
followed by adjustment to pH 7.4 with sodium bicarbonate.

Effects of chelator on mouse survival. Groups of eight Swiss
Webster male mice (22 g; Taconic Farms) were injected
intraperitoneally with 0.1 ml of either DFO-HES or HES at
the initiation of the experiment and again 24 h later. An
artemisinin suspension was created by adding 200 to 300 mg
of the drug to a mixture of 0.1% Tween and 0.5% HES and
stirring the solution for 2 to 4 h. Four hours after the initial
injection of DFO-HES or HES, the mice were injected with
either 2.8 or 3.2 g of artemisinin per kg subcutaneously.
Statistical significance was determined by the Wilcoxon
signed-rank test (unpaired) with StatView II software (Aba-
cus Concepts, Berkeley, Calif.).

Membrane thiol assay. Membranes were prepared from
freshly obtained erythrocytes by the method of Dodge et al.
(12). Suspensions of erythrocyte membranes were incubated
at 37°C for 3 h in the presence and absence of artemisinin (1
mM) and/or hemin (100 uM) in sodium phosphate (14.3 mM
phosphate, pH 7.4) buffer containing 10% ethanol. All reac-
tion components were added at the beginning of each incu-
bation except hemin, which was added after 1 h. Simulta-
neous incubations were performed in the absence of
erythrocyte membranes, and these absorbances were sub-
tracted from those measured in the presence of membranes.
Membrane proteins were then solubilized by incubation for
10 min at 70°C in 2% sodium dodecyl sulfate. Thiol content
was measured with a Bausch & Lomb Spectronic 2000
spectrophotometer by determining the difference in A,;,
before and 15 min after the addition of 20 ug of DTNB per ml
(30, 46). Protein was determined by the method of Bradford
(4).
Deformability studies. Erythrocyte deformability was mea-
sured with an Ektacytometer (Technicon Instruments, Tar-
rytown, N.Y.) coupled to a Macintosh computer (10). Prior
to each deformability measurement, freshly drawn and
washed erythrocytes were incubated at 37°C for 30 min in a
30% suspension in isotonic buffer (50 mM potassium phos-
phate, 0.9% sodium chloride) in the presence or absence of
hemin and/or artemisinin.

EPR studies. EPR was performed on a JEOL/REI1X spec-
trometer with 100-kHz field modulation and Xband opera-
tion at 50 mV of power and with gain, modulation, and time
constant set at 50, 0.32, and 0.03, respectively. g values were
determined with a Mn2* internal standard. Solutions con-
taining 13 mM Fe(NH,),(SO,),, 13 mM artemisinin, and/or
10% (vol/vol) DMPO in methanol-water (85:15) were incu-
bated at room temperature for 30 min prior to measuring
spectra. Each scan took 8 min to perform.

RESULTS

Two chelators, which bind and sequester iron, antagonize
the antimalarial effects of artemisinin. P. falciparum-in-
fected erythrocytes were incubated in the presence of vari-
ous concentrations of arteether, an artemisinin derivative,
and either PBH or DMP. Since these iron chelators have
their own inherent antimalarial activity, antagonism was
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FIG. 1. Isobolograms of arteether in combination with the che-
lators PBH (A) and DMP (@) and iron-saturated DMP (O) (B). The
error bars are ranges of ECsys from two experiments, each of which
was performed in triplicate. The error bars along the y axis are
ranges of the arteether ECs, when the concentration of the chelator
was fixed and that of arteether was varied. The error bars along the
x axis are ranges of the chelator ECs, when the concentration of
arteether was fixed and that of the chelator was varied.

assessed with isobolograms (3). For both chelators, the plots
are strongly convex upwards, indicating that they antago-
nized arteether (Fig. 1). In contrast, iron-saturated DMP
does not have this effect (Fig. 1B). Thus, iron appears to be
important in the mechanism of action of artemisinin.

Iron chelation also prevents the toxic effects of artemisinin
in mice. This experiment was carried out with DFO-HES, a
high-molecular-weight conjugate of DFO and HES, which
was chosen for two reasons. First, because it has a long
half-life, it can be administered on a daily basis (19). Second,
because it is not taken up by P. falciparum-infected erythro-
cytes, it does not antagonize the antimalarial effects of ar-
temisinin (unpublished data). Groups of eight mice were
treated with high doses of artemisinin and either DFO-HES or
HES (Fig. 2). Mice administered the higher dose of artemisi-
nin (3.2 g/kg) and DFO-HES survived significantly longer
than mice administered this dose of artemisinin and HES
(13.9 versus 6.9 days, P = 0.001). Mice treated with the lower
dose of artemisinin (2.8 g/kg) also survived significantly longer
if they also received DFO-HES than did mice receiving this
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FIG. 2. Survival of uninfected mice after treatment with ar-
temisinin and DFO-HES (@) or HES alone (M). Survival was
monitored for mice administered either 3.2 g/kg (A) or 2.8 g/kg (B).

dose of artemisinin and HES (21 versus 16.6 days, P =
0.0004). Thus, iron appears to play an important role in the
toxic effects of high doses of artemisinin in animals.

The synergistic oxidation of erythrocyte membrane pro-
tein thiols by a combination of artemisinin and hemin (30)
can be antagonized by an iron chelator and a free radical
scavenger (Fig. 3). A combination of hemin and artemisinin
oxidizes 88% of the membrane thiols, whereas artemisinin
alone or hemin alone (data not shown) has little effect. In
contrast, only 27% of membrane thiols are oxidized when
the artemisinin-hemin-mediated oxidation is carried out in
the presence of a-tocopherol, a free radical scavenger.
Similarly, only 6% of them are oxidized when the reaction is
carried out in the presence of the chelator DFO. This latter
effect can be due to the sequestration of free iron by DFO or
by the binding of DFO to hemin (2, 44). Thus, the artemisi-
nin-hemin-mediated oxidation of erythrocyte membrane pro-
teins is dependent on iron and mediated by free radicals.

We then investigated whether a combination of artemisi-
nin and hemin would resemble other oxidant agents in
causing the loss of erythrocyte deformability (42, 46). Ar-
teminisin and hemin were found to have synergistic effects
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FIG. 3. Erythrocyte membrane protein thiol content after treat-
meént with artemisinin, hemin, and antioxidants. (A) Ethanol alone;
(B) artemisinin (1 mM); (C) artemisinin (1 mM) plus hemin (100 pM);
(D) artemisinin (1 mM), hemin (100 pM), and deferoxamine (100
uM); (E) artemisinin (1 mM), hemin (100 pM), and a-tocopherol
(100 pM). Hemin, deferoxamine, and a-tocopherol alone lowered
thiol content by <10%.

on erythrocyte deformability (Fig. 4). When erythrocytes are
incubated with either artemisinin (1 mM) or hemin (25 pM),
there is no loss of deformability. However, when they are
incubated with a combination of 25 uM hemin and 1 mM
artemisinin, a marked decrease in the maximal deformability
under isotonic conditions (around 290 mosM) is observed.

The preceding results are consistent with the hypothesis
that the biological effects of artemisinin are mediated by an
iron-catalyzed cleavage of the drug’s endoperoxide group,
generating free radicals. The capacity of this reaction to
generate free radicals was then confirmed by EPR using the
spin trap DMPO. In the absence of DMPO, neither artemisi-
nin alone nor the combination of artemisinin plus iron
generates any detectable signal (data not shown). However,
a complex sextuplet with g values between 1.991 and 2.014
can be detected when artemisinin is incubated with iron in
the presence of DMPO (Fig. SA). In contrast, neither ar-
temisinin (Fig. 5B) nor iron alone (Fig. SC) produces a signal
in the presence of DMPO.

DISCUSSION

In this paper, we show that the effects of artemisinin on
both parasites and mice can be partially reversed by iron
chelators, suggesting that iron plays an important role in the
mechanisms of action and toxicity of this drug. We also
show that both an iron chelator and a free radical scavenger
antagonize artemisinin-induced oxidation of membrane pro-
tein thiols, suggesting that both iron and free radicals are
involved in this process. Finally, we present EPR evidence
that iron causes the generation of free radicals from artemisi-
nin.

The apparent mechanism of action and toxicity of ar-
temisinin is as follows:

artemisinin —©=>R . — free radical damage (lipid peroxi-
dation, protein oxidation, alkylation, etc.) —=> cell death

where R - is a free radical or mixture of free radicals.
The antagonistic effects of iron chelators on the activity
and toxicity of artemisinin are consistent with several pre-
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FIG. 4. Osmotic gradient deformability pattern of cells incubated for 30 min at 37°C in the absence (®) or presence of 25 uM hemin (A)
or 1 mM artemisinin (1) (A) and at the same temperature in the absence (@) or presence (+) of both 25 M hemin and 1 mM artemisinin (B).

viously published observations. First, the prototypical iron
chelator, DFO, has recently been demonstrated to antago-
nize the antimalarial activity of artemisinin and arteether
(25). Second, heme iron has been shown to react with
artemisinin (30) and to catalyze its electrochemical reduction
(48). Third, iron has been shown to catalyze the decompo-
sition of artemisinin into a reactive aldehyde (35). However,

it is not clear why iron chelators are active if heme-bound
iron is the catalyst. There are three possible explanations.
First, iron chelators might bind directly to heme, as has been
demonstrated for DFO (2, 44). Second, heme has been
shown to be alkylated by artemisinin (30), and alkylated
hemes tend to release free iron (29). This released iron might
then be captured by the chelator. Finally, some of the
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FIG. 5. EPR spectra of artemisinin in the presence and absence

of iron and/or DMPO. (A) Artemisinin, iron and DMPO; (B)
artemisinin and DMPO; (C) iron and DMPO.

important effects of artemisinin might, indeed, be due to
nonheme iron.

This report contains the first direct evidence for the
formation of a free radical from artemisinin and demon-
strates that iron is required for a free radical to form. The
EPR spectrum observed is characteristic of the oxidized
DMPO that forms in the presence of hemin and various
organic peroxides (14, 24). Earlier observations that ar-
temisinin analogs lacking an endoperoxide moiety are inac-
tive (6, 8) suggest that this reaction is essential for antima-
larial activity. Other evidence for a free radical mechanism
includes the observations that free radical scavengers antag-
onize the antimalarial effects of artemisinin (27, 28, 31) and
that other oxidant drugs are synergistic with artemisinin (27).
Additionally, various endpoints of free radical damage have
been detected in artemisinin-treated erythrocytes and in-
fected erythrocytes such as thiobarbituric acid-reacting sub-
stances (caused by lipid peroxidation) (31), methemoglobin
formation (39), glutathione oxidation (39), and the oxidation
of membrane protein thiols (30).

This mechanism explains why artemisinin is selectively
toxic to malaria parasites. The human erythrocyte contains
the equivalent of 20 mM heme, which is almost entirely
bound to hemoglobin (20). Malaria parasites digest approx-
imately 25% of the host hemoglobin (37) but do not catabo-
lize heme (13). Instead, the accumulated heme is stored in
food vacuoles as a polymer known as hemozoin (41). There
are several lines of evidence that this heme iron then
activates the drug. First, hemozoin from parasites exposed
to [**Clartemisinin concentrates the drug (30). Second, a
chloroquine-resistant strain of the murine malaria parasite,
Plasmodium berghei, which lacks hemozoin, is highly resis-
tant to artemisinin (33). (In contrast, chloroquine-resistant
P. falciparum, a human malaria parasite, contains hemozoin
and is fully sensitive to artemisinin [32]). Finally, chloro-
quine, which binds heme avidly, is antagonistic towards
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* artemisinin (7, 43), and chloroquine-mediated clumping of

pigment granules is inhibited by artemisinin (33).

Iron chelators represent a potentially important new class
of antimalarial agents. Several iron chelators have been
shown to have antimalarial activity (see, for example, refer-
ences 16, 21, 36, and 38), and some have already been used
in patients (18, 45). The antimalarial activities of iron chela-
tors appear to be dependent on their penetration into the
parasite (15, 22, 40). However, our data suggest that iron
chelators and artemisinin-class drugs might be less effective
when used simultaneously.

DFO-HES is a new and nontoxic iron chelation agent
which has shown promise as a potential therapy for iron
overload (19). It does not penetrate the erythrocyte mem-
brane and has little antimalarial activity (40). Chelator up-
take may also be necessary for antagonism of artemisinin
antimalarial activity. Thus, nonpermeating chelators such as
DFO-HES might also be able to mitigate the toxicity of
artemisinin derivatives without compromising their antima-
larial effects. On the other hand, DMP, PBH, and related
chelators, which antagonize arteether, pass through cell
membranes (1, 23, 34).

Artemisinin is a remarkably nontoxic drug. Mice were not
obviously affected by doses as high as 2 g/kg (data not
shown). Since the therapeutic dose of artemisinin in mice is
approximately 4 mg/kg (33), the drug clearly has a high
therapeutic index. However, toxicity is always a potential
problem; in monkeys, high doses have been shown to cause
inhibition of hematopoiesis, as well as cardiac, renal, and
hepatic toxicity (9). The most important toxicity in dogs and
rats is a selective neurocytotoxicity in the central nervous
system (5). The diminution of artemisinin’s toxicity for mice
by an iron chelator suggests that some of the toxicity of
artemisinin to its host might be due to the same processes
that are responsible for its toxicity to malaria parasites,
namely, the iron-catalyzed generation of free radicals.

ACKNOWLEDGMENTS

This work was supported by grants from the UNDP/World
Bank/WHO Special Programme for Research and Training in Trop-
ical Diseases and by NIH grants AI26848 and DK92111.

We thank Allen Ranz for technical assistance and Phillip Halla-
way, John Eaton, Arba Ager, Dan Klayman, and Jeroen van den
Berg for their helpful discussions.

REFERENCES.

1. Baker, E., M. L. Vitolo, and J. Webb. 1985. Iron chelation by
pyridoxal isonicotinoyl hydrazone and analogs in hepatocytes in
culture. Biochem. Pharmacol. 34:3011-3017.

2. Baysal, E., H. P. Monteiro, S. G. Sullivan, and A. Stern. 1990.
Desferrioxamine protects human red blood cells from hemin-
induced hemolysis. Free Radical Biol. Med. 9:5-10.

3. Berenbaum, M. C. 1978. A method for testing for synergy with
any number of agents. J. Infect. Dis. 137:122-130.

4. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

5. Brewer, T. G., S. J. Grate, J. O. Peggins, P. J. Weina, J. M.
Petras, B. S. Levine, M. H. Heiffer, and B. G. Schuster. 1992.
Fatal neurotoxicity due to arteether and artemether. Am. J.
Trop. Med. Hyg. 47:93. (abstract.)

6. Brossi, A., B. Venugopaplan, L. D. Gerpe, H. J. C. Yeh, J. L.
Flippen-Anderson, X. D. Luo, W. Milhous, and W. Peters. 1988.
Arteether, a new antimalarial drug: synthesis and antimalarial
properties. J. Med. Chem. 31:645-650.

7. Chawira, A. N., and D. C. Warhurst. 1987. The effect of



VoL. 37, 1993

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

26.
27.

combinations of ginghaosu (artemisinin) with standard antima-
larial drugs in the suppressive treatment of malaria in mice. J.
Trop. Med. Hyg. 90:1-8.

. China Cooperative Research Group on Qinghaosu and Its Deriv-

atives as Antimalarials. 1982. Chemical studies on ginghaosu
(artemisinin). J. Tradit. Chin. Med. 2:3-8.

. China Cooperative Research Group on Qinghaosu and Its Deriv-

atives as Antimalarials. 1982. Studies on the toxicity of gingha-
osu and its derivatives. J. Traditional Chin. Med. 2:31-38.
Clark, M. R., N. Mohandas, and S. B. Shohet. 1983. Osmotic
gradient ektacytometry: comprehensive characterization of
red cell volume and surface maintenance. Blood 61:899-
910.

Desjardins, R. E., C. J. Canfield, J. D. Haynes, and J. D. Chulay.
1979. Quantitative assessment of antimalarial activity in vitro by
a semiautomated microdilution technique. Antimicrob. Agents
Chemother. 16:710-718.

Dodge, J. T., C. Mitchell, and D. J. Hanahan. 1963. The
preparation and chemical characteristics of hemoglobin-free
ghosts of human erythrocytes. Arch. Biochem. Biophys. 100:
119-130.

Eckman, J. R., S. Modler, J. W. Eaton, E. Berger, and R. R.
Engel. 1977. Host heme catabolism in drug-sensitive and drug-
resistant malaria. J. Lab. Clin. Med. 90:767-770.

Floyd, R. A., and L. M. Soong. 1977. Spin trapping in biological
systems. Oxidation of the spin trap 5,5'-dimethyl-1-pyrroline-1-
oxide by a hydroperoxide-hematin system. Biochem. Biophys.
Res. Commun. 74:79-84.

Fritsch, G., and A. Jung. 1986. *C-desferrioxamine B: uptake
into erythrocytes infected with Plasmodium falciparum. Zen-
tralbl. Bakteriol. Parasitenkd. 72:709-713.

Fritsch, G., G. Sawatzki, J. Treumer, A. Jung, and D. T. Spira.
1987. Plasmodium falciparum: inhibition in vitro with lactofer-
rin, desferriferrithiocin, and desferricrocin. Exp. Parasitol. 63:
1-9.

Goldberg, D. E., A. F. G. Slater, A. Cerami, and G. B.
Henderson. 1990. Hemoglobin degradation in the malaria para-
site Plasmodium falciparum: an ordered process in a unique
organelle. Proc. Natl. Acad. Sci. USA 87:2931-2935.
Gordeuk, V. R., P. E. Thuma, G. M. Brittenham, S. Zulu, G.
Simwanza, A. Mhangu, G. Flesch, and D. Parry. 1992. Iron
chelation with desferrioxamine B in adults with asymptomatic
Plasmodium falciparum parasitemia. Blood 79:308-312.
Hallaway, P., J. Eaton, S. Panter, and B. Hedlund. 1989.
Modulation of deferoxamine toxicity and clearance by covalent
attachment to biocompatible polymers. Proc. Natl. Acad. Sci.
USA 86:10108-10112.

Hebbel, R. P., and J. W. Eaton. 1989. Pathology of heme
interaction with the erythrocyte membrane. Semin. Hematol.
26:136-149.

Heppner, D. G., P. E. Hallaway, G. J. Kontoghiorghes, and
J. W. Eaton. 1988. Antimalarial properties of orally active iron
chelators. Blood 72:358-361.

Hershko, C., and T. E. Peto. 1988. Deferoxamine inhibition of
malaria is independent of host iron status. J. Exp. Med. 168:
375-387.

. Huang, A. R., and P. Ponka. 1983. A study of the mechanism of

action of pyridoxal isonicotinoyl hydrazone at the cellular level
using reticulocytes loaded with nonheme Fe. Biochim. Bio-
phys. Acta 757:306-315.

. Kalyanaraman, B., C. Mottley, and R. P. Mason. 1983. A direct

electron spin resonance and spin-trapping investigation of per-
oxyl free radical formation by hematin/hydroperoxide systems.
J. Biol. Chem. 258:3855-3858.

. Kamchonwongpaisan, S., N. Vanitcharoen, and Y. Yuthavong.

1992. The mechanism of action of artemisinin (ginghaosu), p.
363-372. In A. S. H. Ong and L. Packer (ed.), Lipid-soluble
antioxidants: biochemistry and clinical applications. Birkhau-
ser-Verlag, Basel.

Klayman, D. L. 1985. Qinghaosu (artemisinin): an antimalarial
drug from China. Science 228:1049-1055.

Krungkrai, S. R., and Y. Yuthavong. 1987. The antimalarial
action of ginghaosu and artesunate in combination with agents

FE-DEPENDENT FREE RADICAL GENERATION FROM ARTEMISININ

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

45.

1113

that modulate oxidant stress. Trans. R. Soc. Trop. Med. Hyg.
81:710-714.

. Levander, O. A., A. L. Ager, V. C. Morris, and R. G. May. 1989.

Qinghaosu, dietary vitamin E, selenium, and cod-liver oil: effect
on the susceptibility of mice to the malarial parasite Plasmodium
yoelii. Am. J. Clin. Nutr. 50:346-352.

Marks, G. S., S. A. McCluskey, J. E. Mackie, D. S. Riddick, and
C. A. James. 1988. Disruption of hepatic heme biosynthesis
after interaction of xenobiotics with cytochrome P-450. FASEB
J. 2:2774-2783.

Meshnick, S. R., A. Thomas, A. Ranz, C. M. Xu, and H. Z. Pan.
1991. Artemisinin (ginghaosu): the role of intracellular hemin in
its mechanism of antimalarial action. Mol. Biochem. Parasitol.
49:181-190.

Meshnick, S. R., T. W. Tsang, F. B. Lin, H. Z. Pan, C. N.
Chang, F. Kuypers, D. Chin, and B. Lubin. 1989. Activated
oxygen mediates the antimalarial activity of ginghaosu. Prog.
Clin. Biol. Res. 313:95-104.

Milhous, W. K., L. Gerena, D. E. Kyle, and A. M. J. Oduola.
1989. In vitro strategies for circumventing antimalarial drug
resistance. Prog. Clin. Biol. Res. 313:61-72.

Peters, W., L. Lin, B. L. Robinson, and D. C. Warhurst. 1986.
The chemotherapy of rodent malaria. XL. The action of ar-
temisinin and related sesquiterpenes. Ann. Trop. Med. Parasi-
tol. 80:483-489.

Porter, J. B., M. Gyparaki, L. C. Burke, E. R. Huehns, P.
Sarpong, V. Saez, and R. C. Hider. 1988. Iron mobilization from
hepatocyte monolayer cultures by chelators: the importance of
membrane permeability and iron binding constant. Blood 72:
1497-1503.

Posner, G. H., and C. H. Oh. 1992. A regiospecifically oxy-
gen-18 labeled 1,2,4-trioxane: a simple chemical model system
to probe the mechanism(s) for the antimalarial activity of
artemisinin (ginghaosu). J. Am. Chem. Soc. 114:8328-8329.
Raventos-Suarez, C., S. Pollack, and R. L. Nagel. 1982. Plasmo-
dium falciparum: inhibition of in vitro growth by desferrioxam-
ine. Am. J. Trop. Med. Hyg. 31:919-922.

Roth, E. F., Jr., D. S. Brotman, J. P. Vanderberg, and S.
Schulman. 1986. Malarial pigment-dependent error in the esti-
mation of hemoglobin content in Plasmodium falciparum-in-
fected red cells: implications for metabolic and biochemical
studies of the erythrocytic phases of malaria. Am. J. Trop. Med.
Hyg. 35:906-911.

Scheibel, L. W., and G. G. Stanton. 1986. Antimalarial activity
of selected aromatic chelators. IV. Cation uptake by Plasmo-
dium falciparum in the presence of oxines and siderochromes.
Mol. Pharmaco!. 30:364-369.

Scott, M. D., S. R. Meshnick, R. A. Williams, D. Chiu, H. C.
Pan, B. Lubin, and F. Kuypers. 1989. Qinghaosu-mediated
oxidation in normal and abnormal erythrocytes. J. Lab. Clin.
Med. 114:401-406.

. Scott, M. D., A. Ranz, F. A. Kuypers, B. H. Lubin, and S. R.

Meshnick. 1990. Parasite uptake of desferrioxamine: a prereq-
uisite for antimalarial activity. Br. J. Haematol. 75:598-602.
Slater, A., and A. Cerami. 1992. Inhibition by chloroquine of a
novel haem polymerase enzyme activity in malaria trophozo-
ites. Nature (London) 355:167-169.

Snyder, L. M., N. L. Fortier, J. Trainor, J. Jacobs, L. Leb, B.
Lubin, D. Chiu, S. Shohet, and N. Mohandas. 1985. Effect of
hydrogen peroxide exposure on normal human erythrocyte
deformability, morphology, surface characteristics, and spec-
trin-hemoglobin cross-linking. J. Clin. Invest. 76:1971-1977.
Stahel, E., P. Druilhe, and M. Gentilini. 1988. Antagonism of
chloroquine with other antimalarials. Trans. R. Soc. Trop. Med.
Hyg. 82:221.

. Sullivan, S. G., E. Baysal, and A. Stern. 1992. Inhibition of

hemin-induced hemolysis by desferrioxamine: binding of hemin
to red cell membranes and the effects of alteration of membrane
sulfhydryl groups. Biochim. Biophys. Acta 1104:38-44.
Traore, O., P. Carnevale, N. L. Kaptue, J. M. Bede, M.
Desfontaine, J. Elion, D. Labie, and R. L. Nagel. 1991. Prelimi-
nary report on the use of desferrioxamine in the treatment of
Plasmodium falciparum malaria. Am. J. Hematol. 37:206-208.



1114 MESHNICK ET AL.

46. Vilsen, B., and H. Nielsen. 1984. Reaction of phenylhydrazine
with erythrocytes. Cross-linking of spectrin by disulfide ex-
change with oxidized hemoglobin. Biochem. Pharmacol. 33:
2739-2745.

47. World Health Organization. 1991. United Nations Development
Program/World Bank/WHO Special Programme for Research

48.

ANTIMICROB. AGENTS CHEMOTHER.

and Training in Tropical Diseases. Tropical diseases: progress
in research, 1989-1990, p. 29-40. World Health Organization,
Geneva.

Zhang, F., D. Gosser, and S. R. Meshnick. 1992. Hemin-
catalyzed decomposition of artemisinin (ginghaosu). Biochem.
Pharmacol. 43:1805-1809.



